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The bright blue color of azulene has attracted chemists since derivatives of it were first isolated from chamomile, yarrow, and wormwood.[1](#anie201908643-bib-0001){ref-type="ref"} After diverse failed attempts to synthesize it, finally Plattner and Pfau were successful, starting from Δ^9^‐octalin.[2](#anie201908643-bib-0002){ref-type="ref"} Later on, a more efficient route was described by Ziegler and Hafner, starting from cyclopentadiene and 2,4‐dinitrophenyl pyridinium chloride.[3](#anie201908643-bib-0003){ref-type="ref"}, [4](#anie201908643-bib-0004){ref-type="ref"} Other approaches followed[5](#anie201908643-bib-0005){ref-type="ref"} and even nowadays new synthetic routes to azulene and their derivatives for example, by gold catalysis are being developed.[6](#anie201908643-bib-0006){ref-type="ref"}, [7](#anie201908643-bib-0007){ref-type="ref"} The origin of the blue color of azulene as non‐alternant isomer of the colorless naphthalene has fascinated theoretical and physical chemists dealing with it.[8](#anie201908643-bib-0008){ref-type="ref"}

A large number of *kata*‐condensed π‐extended azulene derivatives have been made and their chemical and photophysical properties have been studied.[9](#anie201908643-bib-0009){ref-type="ref"} In contrast to the kata‐condensed π‐extended azulenes, those with additional benzene rings *peri*‐condensed between the five‐ and the seven‐membered rings are rarer.[10](#anie201908643-bib-0010){ref-type="ref"} Although an azulene with one *peri*‐condensed benzene was realized already in 1958,[11](#anie201908643-bib-0011){ref-type="ref"} efforts to synthesize azulene compounds with two *peri*‐condensed aromatic units have failed,[12](#anie201908643-bib-0012){ref-type="ref"} because these structures are proposed to have biradical triplet ground state character,[13](#anie201908643-bib-0013){ref-type="ref"} making them highly reactive.

It is worth mentioning that besides the natural occurrence of azulene derivatives in plants, its scaffold is found as a defect in graphenes.[14](#anie201908643-bib-0014){ref-type="ref"} It was also proposed that azulene‐based polycyclic aromatic hydrocarbons (PAHs) of defined structure are found in interstellar space, since the interpretation of some measured IR/Raman spectra could not be fitted to a variety of PAHs containing six‐membered rings exclusively.[15](#anie201908643-bib-0015){ref-type="ref"}

There are a very few successful approaches known for synthesizing PAHs with azulene units embedded from precursor monolayers on surfaces.[16](#anie201908643-bib-0016){ref-type="ref"} However, to the best of our knowledge, there are only a few examples of soluble azulene‐based PAHs that have been synthesized from solution on a larger scale.[17](#anie201908643-bib-0017){ref-type="ref"}, [18](#anie201908643-bib-0018){ref-type="ref"} One is the example recently published by Konishi and co‐workers,[17](#anie201908643-bib-0017){ref-type="ref"} in which the PAH contains besides one azulene core, six more fused six‐membered rings. Very recently, the same group presented a small PAH that contains two fused azulene units and two additional *peri*‐fused six‐membered rings, giving overall four rings.[18c](#anie201908643-bib-0018c){ref-type="ref"} This compound shows significant biradical character.

Herein we present the synthesis of large soluble PAHs containing two embedded azulene units and 15 fused aromatic rings overall. To the best of our knowledge, this represents the largest PAH containing at least two formal azulene units. Based on our research on diarenoperylenes,[19](#anie201908643-bib-0019){ref-type="ref"} we recently found that Scholl‐type oxidations of **1 a** and **1 b** with both FeCl~3~ in nitromethane as well as with DDQ and trifluoromethanesulfonic acid gave five‐membered ring‐cyclized products **2 a** and **2 b** exclusively.[20](#anie201908643-bib-0020){ref-type="ref"}, [21](#anie201908643-bib-0021){ref-type="ref"} We envisioned combining this highly selective Scholl‐type reaction in a manner that would generate an additional seven‐membered ring (Scheme [1](#anie201908643-fig-5001){ref-type="fig"}),[22](#anie201908643-bib-0022){ref-type="ref"} preferably in the same step, resulting in azulene formation during Scholl‐cyclization, something that has previously only been observed on Au(111) surfaces.[16a](#anie201908643-bib-0016a){ref-type="ref"}

![Conceptual approach to bis‐azulene embedded PAH **5** by concerted cyclopent‐ and cycloheptannulation.](ANIE-58-17577-g005){#anie201908643-fig-5001}

Accordingly, we synthesized the bisnaphthyl diareno precursor **3** from the corresponding bromide **6** [19b](#anie201908643-bib-0019b){ref-type="ref"} by Suzuki--Miyaura cross‐coupling in 67 % yield (Scheme [2](#anie201908643-fig-5002){ref-type="fig"}). First, we tested FeCl~3~ in nitromethane/DCM for the oxidative cyclization. A regioselective formation of five‐membered rings is observed; however, it is accompanied by a selective twofold chlorination, giving the double‐helicene product **7** in 94 % yield. It is worth mentioning that additional chlorinations during oxidative Scholl‐type cyclizations have been observed, but they are still very rare and in most cases lead to the isolation of minor side‐products.[23](#anie201908643-bib-0023){ref-type="ref"} Although the oxidant was added in large access (20 equiv) no additional formation of seven‐membered rings occurred. The double‐helical molecular structure of **7** and the positions of the chloride atoms were unambiguously identified by single‐crystal X‐ray diffraction of crystals grown from 1,2‐dichlorobenzene/methanol (Figure [1](#anie201908643-fig-0001){ref-type="fig"}). Compound **7** crystallizes as racemic mixture of both double helicene enantiomers (*M*,*M*) and (*P*,*P*) in the space group *P*2/*c*. It is worth mentioning that two peaks with comparable integral have been observed by chiral HPLC under ambient conditions, suggesting that the enantiomers are not interconverting to each other at room temperature. Each enantiomer forms a dimer where the aromatic helical units of adjacent molecules are arranged in a coplanar fashion by weak π stacking (d~π‐π~ is between 3.6 and 3.9 Å). The two aromatic halves of the molecule are twisted by approx. 39.4°. In this case it was difficult to assign the positions of the chloride substituents by NMR methods, but single‐crystal X‐ray diffraction data gave a clear answer in this respect, showing that chlorination occurred in *para*‐positions of the prior existing C−C biaryl bond. This is in contrast to the position of triflyloxylation we observed for the bisnaphthyl dibenzoperylene derivative, we described before.[20](#anie201908643-bib-0020){ref-type="ref"}

![Single‐crystal X‐ray structure of PAH **7**.[29](#anie201908643-bib-0029){ref-type="ref"} a) Single enantiomer (*P*,*P*) in elemental colors (carbon: grey, hydrogen: white and chlorine green). b) Dimer of (*P*,*P*)pair. c) Side‐view of packing. (*P*,*P*)‐**7** is shown in orange, (*M*,*M*)‐**7** in blue. In (b) and (c) hydrogen atoms are omitted for clarity.](ANIE-58-17577-g001){#anie201908643-fig-0001}

![Synthesis of bisnaphthyldibenzoperylene **3** and reactions under oxidative conditions. a) 1‐Naphthylboronic acid, 10 mol % Pd~2~(dba)~3~, 31 mol % ^*t*^Bu~3~PHBF~4~, THF, 2 [n]{.smallcaps} K~2~CO~3(aq)~, 80 °C, 16 h, 67 % yield. b) FeCl~3~ (20 equiv), CH~3~NO~2~/CH~2~Cl~2~, 0 °C to reflux, 1 h, 94 %. c) DDQ (8 equiv), TfOH/CH~2~Cl~2~, RT, 1 h, *c* (**3**)=1.67 mmol L^−1^ yields: 14 % (**8**), 30 % (**9**), 9 % (**10**). d) DDQ (10 equiv), TfOH/CH~2~Cl~2~, RT, 1 h, *c* (**3**)=3.33 mmol L^−1^ yields: 25 % (**8**), 11 % (**9**), 2 % (**10**).](ANIE-58-17577-g006){#anie201908643-fig-5002}

In contrast to the case of using FeCl~3~ as oxidant, with eight equivalents of DDQ in TfOH/DCM the desired cycloheptannulation in addition to the cyclopentannulation occurred, giving a mixture of azulene embedded PAHs **8** (14 %), **9** (30 %), and **10** (9 %), which were separated by column chromatography and identified and characterized by NMR and MS. For all those PAHs the cyclodehydrogenation reactions are accompanied by the selective addition of further moieties. As reported previously by our group,[20](#anie201908643-bib-0020){ref-type="ref"} an additional bis(triflyloxylation) was observed for PAH **8**. However, for the system described herein, the triflyloxylation is competing with the attachment of a dichlorovinylidene (DCV) unit giving PAHs **9** and **10** in 30 % and 9 % yield. To the best of our knowledge the introduction of DCV or similar groups at aromatic backbones under oxidative conditions is unprecedented to date during PAH‐cyclization. It is reasonable to assume that the DCV stems from the DCM solvent and given the high number of incorporated DCV groups it is excluded that these are from tetrachloroethane impurities. To date it is not clear by what mechanism the dichlorovinylidation is occurring and needs to be further investigated. To avoid the competing substitution by DCV rather than by OTf groups the amount of DCM was simply reduced by doubling the concentration of precursor **3** and slightly increasing the amount of DDQ from 8 to 10 equivalents, shifting the yields towards the desired bistriflate **8** from 14 % to 25 %, and significantly reducing the amount of the DCV‐containing PAHs **9** and **10** from overall 39 % to 13 %.

To our delight, we were able to grow high‐quality single crystals of PAH **10** with two DCV groups to prove the formation of the two azulene units by slow vapor diffusion of chloroform/methanol. Azulene PAH **10** has a negative curvature and is also a racemic crystal containing both enantiomers (Figure [2](#anie201908643-fig-0002){ref-type="fig"}). Although it is by definition not a double helicene, its absolute stereochemistry can best be described as such, or by assigning the two chiral biaryl axes formed during cycloheptannulation. The quality of the data allows the bond lengths and angles of the PAH backbone to be discussed in more detail. The longest C−C bonds (1.50 Å) are the biaryl axes formed during cycloheptannulation. With the exception of one bond to the five‐membered ring, which is between 1.37 and 1.39 Å, and the bond shared with the substituted six‐membered rings, the remaining five C−C bonds are significantly longer (between 1.42 and 1.50 Å), which is in contrast to pure azulene, where all bond lengths, with exception of the shared one with the cycloptadienyl ring (1.49 Å), are between 1.37 and 1.42 Å.[24](#anie201908643-bib-0024){ref-type="ref"} This concludes that the embedded azulene units are of less aromatic character than azulene itself (see also discussion on nuclear independent chemical shifts below).

![Single‐crystal X‐ray structure of PAH **10**.[29](#anie201908643-bib-0029){ref-type="ref"} a, b, d) Molecular structure of one enantiomer (*M*,*M*) from different perspectives. Grey: carbon; green: chlorine. d) Packing. The two enantiomers are highlighted in blue (*P*,*P*) and orange (*M*,*M*). Hydrogen atoms and solvate molecules have been omitted for clarity.](ANIE-58-17577-g002){#anie201908643-fig-0002}

As demonstrated before, the triflate groups in PAH **8** are synthetically very valuable, because they can undergo palladium‐catalyzed cross‐coupling reactions for example, with boronic acids or esters. Palladium‐catalyzed cross‐coupling of PAH **8** with *para*‐*tert*‐butyl phenyl boronic acid or mesityl boronic acid gave the azulene PAHs **11** and **12** in 79 % and 93 % yield, respectively (Scheme [3](#anie201908643-fig-5003){ref-type="fig"}). Both compounds are still well soluble so that they could be fully characterized in solution. Furthermore, the *tert*‐butyl groups in the bay‐positions of the mesityl‐substituted PAH **12** were removed by treating the sample with AlCl~3~ in toluene at 70 °C to give PAH **13** in 57 % yield along with some one‐fold de‐*tert*‐butylated PAH **14** (14 %). From doubly de‐*tert*‐butylated PAH **13** we were able to get single‐crystals for X‐ray diffraction analysis (Figure [3](#anie201908643-fig-0003){ref-type="fig"}). The compound crystallizes in the space group *Pc* as a racemate of two stereoisomers forming π‐dimers (d~π‐π~ is between 3.7 and 3.9 Å). Unfortunately, the data quality was not sufficient to discuss the bond lengths and angles in more detail. Because the sterically bulky *tert*‐butyl groups are removed, the whole structure is somehow planarized in comparison to PAH **12** but still negatively curved.

![Single‐crystal X‐ray structure of PAH **14**.[29](#anie201908643-bib-0029){ref-type="ref"} a) Molecular structure. b) and c) Packing by weak π‐stacking. The two enantiomers are colored differently. (*M*,*M*): blue; (*P*,*P*): orange.](ANIE-58-17577-g003){#anie201908643-fig-0003}

![a) 4‐T*ert*‐Butylphenyl boronic acid, 10 mol % Pd(PPh~3~)~4~, toluene/EtOH, 2 N K~2~CO~3(aq)~, 100 °C, 16 h, 79 % yield. b) Mesityl boronic acid, 10 mol % Pd(PPh~3~)~4~, toluene/EtOH, 2 [n]{.smallcaps} K~2~CO~3(aq)~, 100 °C, 16 h, 93 %. c) AlCl~3~, toluene, 70 °C, 24 h, 57 % (**13**) and 14 % (**14**).](ANIE-58-17577-g007){#anie201908643-fig-5003}

All compounds have been investigated by absorption and emission spectroscopy as well as by cyclovoltammetry (CV). Furthermore, frontier molecular orbitals and their corresponding energies have been calculated by DFT methods. All data are summarized in Table S1 in the Supporting Information. Herein, we discuss two series, namely the one with OTf and DCV substituents (PAHs **8**--**10**) as well as mesityl‐substituted PAHs with various numbers of *tert*‐butyl groups (PAHs **12**--**14**) (Figure [4](#anie201908643-fig-0004){ref-type="fig"}, Table [1](#anie201908643-tbl-0001){ref-type="table"}). The most bathochromically shifted peak (S~0~‐S~1~ transitions from HOMO to LUMO) in the UV/Vis spectrum of PAH **8** with two OTf groups is found at 628 nm and shifts with the degree of substitution with DCV groups to 636 nm (PAH **9**) and finally to 644 nm (PAH **10**), which can be simply explained by expansion of the π‐system by the olefinic double bond of each DCV unit. Most interestingly, the maxima of the peaks do not deviate that much from that of azulene itself.[25](#anie201908643-bib-0025){ref-type="ref"} The emission is shifted as well from 648 through 662 to 671 nm, with fluorescence quantum efficiencies between *ϕ*=20 and 27 %.

![UV/Vis comparison of PAHs **8**--**10** and **12**--**14**. All spectra were recorded in CHCl~3~ at room temperature (*c*(PAH=11--25 μmol L^−1^).](ANIE-58-17577-g004){#anie201908643-fig-0004}

###### 

Summary of the photophysical and electrochemical characterization of PAHs **8**--**10** and **12**--**14**.

  Compound   *λ* ~abs~ \[nm\]^\[a,b\]^   *E* ~g~ ^opt^ \[eV\]^\[a,c\]^   *λ* ~em~ (*λ* ~ex~) \[nm\]^\[a,d\]^   *ṽ* \[cm^−1^\]^\[e\]^   *Φ* \[%\]^\[f\]^   *E* ~HOMO~ ^CV^ \[eV\]^\[g\]^   *E* ~LUMO~ ^CV^ \[eV\]^\[g\]^   *E* ~gap~ ^CV^ \[eV\]
  ---------- --------------------------- ------------------------------- ------------------------------------- ----------------------- ------------------ ------------------------------- ------------------------------- -----------------------
  **8**      628                         1.9                             648 (280)                             491                     20±1               −5.06                           −3.29                           1.77
  **9**      636                         1.8                             662 (280)                             617                     26±1               −4.95                           −3.17                           1.78
  **10**     644                         1.8                             671 (282)                             625                     24±1               −5.00                           −3.27                           1.73
  **12**     633                         1.8                             658 (277)                             600                     25±1               −4.95                           −3.09                           1.86
  **13**     615                         1.9                             646 (268)                             780                     18±1               −5.03                           −3.22                           1.81
  **14**     628                         1.8                             658 (272)                             726                     22±1               −4.95                           −3.07                           1.88

\[a\] Measured in CHCl~3~ at room temperature. \[b\] Absorption maximum at the longest wavelength. \[c\] Estimated from absorption onset. \[d\] Emission maximum. \[e\] Stoke\'s shift. \[f\] Fluorescence quantum yield. \[g\] Measured in 0.1 [m]{.smallcaps} *n*Bu~4~NClO~4~ in CH~2~Cl~2~ at room temperature. The scan speed was 100 mV s^−1^, and ferrocene/ferrocenium (Fc/Fc^+^) was used as internal reference. *E* ~HOMO~ ^CV^=−(*E* ~onset~ ^ox^ + 4.8 eV). *E* ~LUMO~ ^CV^=−(*E* ~onset~ ^red^ + 4.8 eV).

Wiley‐VCH Verlag GmbH & Co. KGaA

Comparing PAHs **12**--**14** of the second series is even more interesting, because these structures have all the same π‐system, but a different degree of curvature, giving further insight into the influence of the changes of curvature on the aromatic character. PAH **12** with the two *tert*‐butyl groups present has the longest wavelength absorption at 633 nm (S~0~‐S~1~ transition from HOMO to LUMO), which shifts to 628 nm for PAH **14** with one *tert*‐butyl and to 615 m for PAH **13** without *tert*‐butyl groups. Geometry optimizations (B3LYP/6--311G\*) reveal that the π‐system is gradually planarized by removal of *tert*‐butyl groups and thus becomes more aromatic, which is in agreement with an observation we have made before for hexabenzoovalenes.[26](#anie201908643-bib-0026){ref-type="ref"} To strengthen this hypothesis, NICS(0) values were calculated for geometry‐optimized structures of PAHs **12** and **13** (see Supporting Information) and the sums of the NICS values Σ~NICS~ of the PAH backbone compared. As expected, the more contorted the system, the less aromatic it is. The most contorted PAH **12** with two *tert*‐butyl groups has Σ~NICS~=−42.5, whereas PAH **14** is slightly more aromatic (Σ~NICS~=−44.5). The most negative sum of NICS(0) values is found for de‐*tert*‐butylated PAH **13** with Σ~NICS~=−47.4, which is in agreement with the observation made by UV/Vis spectroscopy. PAHs **12**--**14** show emission in a similar range (647 to 658 nm) and quantum efficiencies are *ϕ*=25 % for the more rigid PAH **12** and 18 % for the more flexible PAH **13**, suggesting thermal paths for loss of energy.

To summarize, larger contorted and soluble PAHs with negative curvature containing two azulene cores have been synthesized by cyclopent‐ and cycloheptannulation in one step. As observed before for another system,[20](#anie201908643-bib-0020){ref-type="ref"} the cyclodehydrogenation reaction is accompanied by further selective functionalization of the PAH in the periphery. Besides triflyloxylation, the introduction of two dichlorovinylene groups has been found, which is, to the best of our knowledge, unprecedented for such systems. The OTf groups can be transformed to aryl units under transition metal catalyzed cross‐coupling conditions. Herein, we attached solubilizing mesityl groups to be able to remove the *tert*‐butyl groups in the bay regions to study the relationship between aromaticity and the degree of curvature. The flatter, the more aromatic the PAH is. All azulene PAHs show a distinct emission close to the near‐infrared (NIR) regime between 650 and 670 nm with relatively high quantum yields *ϕ* between 20 and 30 %. The emission is already in the regime of the NIR‐window of biological tissues, making the bis‐triflate **8** especially interesting, because it can be decorated with further functional groups or moieties to interact or react selectively with specific sites on biological probes for imaging purposes similar to graphene quantum dots,[27](#anie201908643-bib-0027){ref-type="ref"} which is ongoing in our laboratory. Furthermore, as long as the *tert*‐butyl groups are present, analysis of the PAHs by chiral HPLC suggest that these are separable, which makes the azulene PAH **8** a potentially interesting building block for the synthesis of larger chiral curved PAHs.[28](#anie201908643-bib-0028){ref-type="ref"}
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